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PHOTOPATTERNABLE MOLECULAR CIRCUITRY 

TECHNICAL FIFr.n 

[0001] The present invention relates generally to methods of making electronic 

circuitry, and* more particularly, to forming the elements of the electronic circuitry di- 
rectly, without the need for separate photoresist steps. 

BACKGROUND ART 

[0002] Photoresist masks for patterning layers to fabricate electronic circuits are 

well-known. That technology is the basis for today's microcircuits. Briefly, positive or 
negative polymeric resists are used, involving the formation of a layer of resist on a 
suiface, exposing the resist to radiation (visible, UV, X-ray, etc.) through a mask to 
cross-link (or unlink) portions of the resist, followed by removal of unwanted portions 
of the resist. The resist then serves as a mask for further processing steps, such as ion 
implantation, oxidation, metallization, and the like. 

[OO03] The area of molecular electronics is in its infancy. Developments in 

nanotechnology (critical dimension measured in nanometers) are directed to liew gen- 
erations of electronic circuitry, having much smaller dimensions than present technol- 
ogy can provide. 

[0004] While a number of different approaches have been developed, one that is 

of current interest involves self-assembled wires, with at least one connector species 
between connecting pairs of wires to form a junction. The connector species comprises a 
bistable molecular switch. Such switches can be configured as, for example, crossbar 
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memories and logic circuits. The investigations are reported, for example, by CP. Col- 
lier et al.. Science, Vol. 285, pp. 391-394 (16 July 1999) and CP. Collier et al.. Science . 
Vol. 289. pp. 1172-1175 (18 August 2000); see also U.S. Patent 6,128.214, entitied 
"Molecular Wire Crossbar Memo^y*^ issued October 3, 2000, to P.J. Kuekes et al and 
U.S. Patent No. 6,256,767, entitied "Demultiplexer for a Molecular Wire Crossbar Net- 
work (MWCN DEMUX)", issued to P.J. Kuekes et al on July 3, 2001 . 
[0005] The references in the foregoing paragraph deal with oxidation/reduction 

("redox") reactions involving, for example, rotaxanes. pseudo-rotaxanes, catenanes, and 
spiropyrans as the connector species. More recent work has shown that tiie connector 
species may comprise molecules that evidence an electric-field induced band gap change 
as a consequence of some mechanical action; see, e.g., application Serial No. 
09/823.195, filed March 29, 2001, entitled "Bistable Molecular Mechanical Devices 
witii a Band Gap Change Activated by an Electric Field for Electi-oiiic Switching, Gat- 
ing, and Memory Applications"^ and assigned to flie same assignee as die present appli- 
cation. The molecular system employed as the connector species has an electric-field in- 
duced band gap change, and tiius a change in its electrical conductivity, tfiat occurs via 
one of tiie followmg mechanisms: (1) molecular conformation change (e.g., rotation of a 
part of tfie molecule with respect to anotiier part of tfie molecule); (2) change of ex- 
tended conjugation via chemical bonding change to alter tfie band gap (e.g., charge sepa- 
ration or recombination of the molecule); or (3) molecular folding or stretching. Nano- 
meter-scale reversible electronic switches are thus provided that can be assembled easily 
to make cross-bar circuits, which provide memory, logic, and communication functions. 
(00061 The patterning of nano-scale circuits witfi conventional photoresists pre- 

sents a daunting task, and requires novel metfiods. Making and using resist by conven- 
tional means (especially in direct contact witii tiie molecule, or connector species) could 
adversely alter tiie properties of tfie ultra-tiiin junction. Further, barrier materials be- 
tween tfie molecule and tfie conventional resist could adversely alter tfie properties of the 
junction itself; for example, many metallic species could difluse into or bind tightly witii 
the molecule, becoming essentially unremovable/inseparable. 

[0007] Polymer electronics on tfiis tfiickness scale (nanometers) presents special 

problems (rotaxane stiidies by Collier et al, supra , are on tfie order of 100 A or less). The 
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present invention sidesteps tfie use of imprinting techniques and makes intermediate 
m^k transfer unnecessary. The present invention is useful in both micrometer-scale and 
nanometer-scale devices. 

DISCLOSURE OF INVENTION 

[0008] In accordance with the present invention, bistable molecules are pro- 

vided with at least one photosensitive (ultraviolet, electron-beam, or X-ray) functional 
group. As thus constituted, the bistable molecules are photo-pattemable, thereby allow- 
ing fabrication of circuits. The bistable molecules may comprise molecules that undergo 
redox reactions, such as rotaxanes and catenanes, or, more preferably, may comprise 
molecules that undergo an electric-field induced band gap change that causes the mole- 
cules, or a portion thereof, to rotate, bend, twist, or otherwise change from a substan- 
tially fully conjugated state to a less conjugated state. The change in states in the latter, 
case results in a change in electrical conductivity. 

(00091 Specifically, a bistable molecule for a multiple electrode device com- 

prises at least one pair of electrodes that form at least one junction and at least one 
connector species connecting the pair of electrodes in the junction, where the junction, 
has a fimctional dimension in nanometers or micrometers. The connector species 
comprises the bistable molecule provided with at least one photosensitive functional 
group for patterning the connector specieis. 

[0010] ' Also in accordance with the present invention, a method is provided for 

fabricating the multiple electrode device. The method comprises: 
1^01 1] (a) forming a first set of the electrodes on a substrate; 

l^^^] (b) depositing a film of the bistable molecule, including the pho- 

tosensitive group, on the electrodes; 

l^i^l (c) exposing portions of the bistable molecular film to irradiation 

(ultraviolet, electron-beahi, or X-ray); arid 

\^^^] (d) removing unwanted portions of the bistable molecular fiUn to 

provide a photo-pattemed molecular fihn. 
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[0015] A second set of the electrodes may be deposited adjacent the first set of 

the electrodes, either above (at a non-zero angle thereto) or in the same plane as the first 
set of electrodes. Alternatively, the second set of electrodes may be eliminated if the re- 
sulting device is probe-tip addressable. 

[0016] Multiple sheets of molecules may be employed in the practice of the pre- 

sent invention. Alternatively, multiple discrete islands of different molecules may be 
employed. 

[0017] ' An advantage of the present invention over the prior art is that the top 

electrode (the second set of electrodes) does not define the junction. Rather, the mo- 
lecular area is defined independently, due to the use of the photosensitive group. 
[0018] The present invention provides a class of bistable molecular switches 

with at least one photosensitive fiinctional group on the molecule. Those molecules 
can serve as both a molecular device and photoresist-type mask for patterning a layer 
to fabricate molecular circuits. This will simplify the traditional process and shorten 
the tune to produce a batch of circuits, leading to inexpensive products, such as elec- 
tronic memory (write once or rewriteable), electronically addressable displays, and 
generally any circuit for which organic electronics or opto-electronics will be accept- 
ablCi 

[0019] Advantageously, the present invention reduces or eliminates conven- 

tional photoresist masking layers , and simplifies the fabrication of micro-scale and 
nano-scale circuits. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] FIG. 1 is a perspective elevational view, schematically depicting two 

crossed wires, wifli at least one molecule at the intersection of the two wires; 

[0021] FIGS. 2a-2f provide a schematic representation of the prior art steps that 

use lithographically deposited (micrometer or sub-micrometer scale diameter) wires; 

[0022] FIGS. 3a-3d depict a schematic representation of process steps in 

accordance with the present invention for producing photo-pattemable molecular 

circuitry; 
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[0023] FIG. 4 is a schematic representation of a two-dimensional array of 

switches, depicting a 4x3 crossbar switch, wherein the switching is vertical; 
[0024] FIG. 5 is a schematic representation of an array of individual switches 

wherein the switching is horizontal; 
5 (0025] FIG. 6 is a schematic representation of one generic embodiment of the 

present invention, illustrating the breaking of a chemical bond between a main molecu-. 
lar switching unit and an attaching group due to photochemical decomposition; 
[0026] FIG. 7 is a schematic representation of another generic embodiment of 

the present invention, illustrating the transformation of a main molecular switching 
10 group from insolvable to solvable in solvents due to photochemical transformation; and 
[0027] FIG. 8 is a schematic representation of yet another generic embodiment 

of the present invention, illustrating the transformation of a main molecular switching 
group from solvable to insolvable in solvents due to photochemical transformation. 

15 BEST MODES FOR CARRYING OUT THE INVENTION 

Definitions 

[0028] As used herein, the term "self-aligned" as applied to "junction" means 

that the junction that forms the switch and/or other electrical connection between two 
2 0 wires is created wherever two wires, either of which may be coated, cross each other, 
because it is the act of crossing that creates the junction. The junction in its critical 
dimensions may be measured in nanometers or micrometers. 

[0029]* The term "self-assembled" as used herein refers to a system that natu- 

rally adopts some geometric pattern because of the identity of the components of the 
25 system; the system achieves at least a local minimum in its energy by adopting this 
configuration. 

[0030] The term "singly configurable" means that a switch can change its state 

only once via an irreversible process such as an oxidation or reduction reaction; such a 
switch can be the basis of a programmable read-only memory (PROM), for example. 
30 [0031] The term "reconfigurable" means that a switch can change its state 

multiple times via a reversible process such as an oxidation or reduction; in other 
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words, the switch can be opened and closed multiple times, such as the memory bits 
in a random access memory (RAM). 

[00321 Th® ^®rm "bistable" as applied to a molecule means a molecule having 

two relatively low energy states. The molecule may be eiflier irreversibly switched 
from one state to the other (singly configurable) or reversibly switched from one state 
to the other (reconfigurable). 

[0033] The term "micron-scale dimensions" refers to dimensions that range 

from 1 micrometer to a few micrometers in size. 

[0034] The term "sub-micron scale dimensions" refers to dimensions that 

range from 1 micrometer down to 0.04 micrometers. 

[0035] The term "nanometer scale dimensions" refers to dimensions that range 

from 0.1 nanometers to 50 nanometers (0.05 micrometers). 

[0036] The terms "micron-scale wires" and "submicron-scale wires" generally 

refer to rod or ribbon-shaped conductors or semiconductors with widths or diameters 
havmg the dimensions of 0.1 to several micrometers, and heights that can range from a 
few tens of nanometers to several micrometers. 

[0037] "HOMO" is the common chemical acronym for "highest occupied 

molecular orbital", while "LUMO" is the common chemical acronym for "lowest un- 
occupied molecular orbital". HOMOs and LUMOs are responsible for electronic con- 
duction in molecules. 

Crossed Wire Switch 

[0038] There are many possible configurations for fabricating nanometer-scale 

and micrometer-scale devices. One such approach employs crossed-wire switches. 
Another approach involves probe-addressable devices. The present invention is not 
limited to the particular configuration of the device, but rather is directed to pho- 
topatteming the molecular species employed in the device. Because the field of mo- 
lecular electronics is still relatively new, a crossed-wire switch is described below. 
[0039] The essential device features are disclosed in co-pending patent appli- 

cation Serial No. 09/280,048, filed March 29, 1999, incorporated herem by reference 
and shown in FIGS, la- lb. A crossed wire switch 10 comprises two wires 12, 14, each 
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either a metal or semiconductor wire, that flire crossed at some non-zero angle. In be- 
tween those wires is a layer of molecules or molecular compounds 16, denoted R in 
FIGS, la and lb. The particular molecules |18 (denoted Rs) that are sandwiched at the 
intersection of the two wires 12, 14 are identified as switch molecules and exist at a 
5 junction defined by the two wires. When an appropriate voltage is applied across the 
wires, the switch molecules are either oxidized or reduced. When a molecule is oxi- 
dized (reduced), then a second species is reduced (oxidized) so that charge is bal- 
anced. These two species are then called a redox pair. One example of this device 
would have a molecule undergo reduction , and then a second molecule (the other half 

10 of the redox pair) would be oxidized. In another example, a molecule is reduced, and 
one of the wires is oxidized. In a third example, a molecule is oxidized, and one of the 
wires is reduced. In a fovirth example, one wire is oxidized, and an oxide associated 
with the other wire is reduced. See also U.S. Patent No. 6,128,214, entitled "Molecu- 
lar Wire Crossbar Memory", issued to P.J. Kuekes et al on October 3, 2000, and U.S. 

15 Patent No. 6,256.767, entitled "Demultiplexer for a Molecular Wire Crossbar Net- 
work (MWCN DEMUX)", issued to P.J. Kuekes et al on July 3, 2001, both of which 
are incorporated herein by reference. 

[0040] Depending on the molecules or materials that are used between the wires 

(the electrodes), each junction can either display the types of electrical function de- 

20 scribed below immediately on contact of the wires or the junction can have a switching 
function that acts to connect or disconnect the two wires together electrically. This 
switch can be 'either singly configurable or reconfigurable. In the first case, the initial 
state of the switch is open or closed. Electrically biasing the switch beyond a particular 
threshold voltage that is determined by the materials in the junction, which is essentially 

25 an electrochemical cell, oxidizes or reduces the material or molecules between the wires 
to irreversibly close or open the switch, respectively, thus permanently reversing its ini- 
tial state. In the second case, by cycling the polarity and magnitude of the voltage on the 
svsdtch beyond the appropriate threshold values, it is possible to reversibly oxidize or re- 
duce tlie properly selected materials or molecules to close or open the switch many 

30 times, to either case, when closed, the type of electrical connection that is made between 
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the wires depends upon the materials from which the wires (or electrodes) are fabricated 
as well as the identity of the molecules or materials between the wires. 
[0041] Further^ FIG. 1 depicts a coating 20 on wire 12 and a coating 22 on 

wire 14. The coatings 20, 22 may be modulation-doping coatings, timneling barriers 
5 (e.g., oxides), or other nano-scale functionally suitable materials. Alternatively, the 
wires 12, 14 themselves may be coated with one or more R species 16, and where the 
wires cross, Rs, or junction, 1 8 is formed. 

[0042] Different functions can be obtained from various combinations of 

electrode materials and materials or molecules used in the junction. For example, a re- 

10 sistor has a linear current-voltage characteristic, and is made by intentionally over- 
reducing the junction between various types of wires to essentially form a short circuit 
between the wires. The opposite of this process is to qver-oxidize a jimction, which 
will consuine the wire in a localized regioi^ and effectively break the wire (acting as a 
fuse and creating an open circuit) in that wire at the position of the junction. A tun- 

1 5 neling resistor maintains a thin, insulating barrier (approximately 2 nm thick) between 
wires and has an exponential current-voltage characteristic. In the case where junction 
molecules or materials have a sharply defined energy state which lies inside the band 
gap of an electrically insulating barrier that can be accessed by electrically biasing the 
junction, the connection between the wires :can exhibit a flow of electrical current that 

2 0 is dominated by the process of resonant tunneling. The resonant tunneling can produce 

one or more inflection points in the otherwise exponential current-voltage characteris- 
tic of a tunneling resistor. 

[0043] A diode is a junction that passes current more easily in one direction 

than in the other, and thus has an asymmetry in the current-voltage characteristic for 
25 positive and negative voltages. A tunneling diode has both the positive-negative volt- 
age asymmetry of the diode and the exponential current-voltage characteristic of the 
tunneling resistor. A resonant tunneling diode has a positive-negative voltage 
asymmetry as well as a peak in its current- voltage characteristic, such that over a re- 
stricted range of increasing voltage magnitude the current magnitude actually de- 

3 0 creases, a phenomenon that is known as negative differential resistivity. 
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[0044] Finally, a battery is a circuit element that acts to hold a constant voltage 

difference between its electrodes as long as the battery is sufficiently charged, e.g., 
there is a sufficient supply of oxidizing and reducing agents separated by an insulating 
barrier. Charging the battery is accomplished by placing the appropriate voltage across 
5 the junction, which as stated before is an electrochemical cell, to only partially oxidize 
or reduce the material or molecules in the junction. 

[0045] In general, any real junction between wires formed by the processes de- 

scribed above will actually have two or more of the electrical functions described, 
with the effective circuit elements connected in series. Additionally, capacitors may be 
10 formed, 

[0046] Thus, any number of metallic or semiconducting wire/molecule combi- 

nations can be employed to provide useful devices, depending on the device properties 
desired from the assembled circuit. As described above, probe-tip addressable devices 
are also beneHted in accordance with the teachings herein. 

15 

Fabrication of Wire Electrodes 

[0047] The above-identified co-pending application Serial No. 09/280,048 de- 

scribes a number of processes to produce discrete crossed wire pairs, such as shown in 
FIG. 1, Also disclosed therein is a process for preparing devices made firom redox 

2 0 pairs of micrometer-scale wires. 

[0048] Molecular switching components may come from any nimiber of dif- 

ferent classes of molecules, depending, again, on the desired properties of the device. 
The key requirement of the molecules is that, when they are sandwiched between two 
electrodes, they may be electrochemically modified (i.e., oxidized or reduced) by ap- 
25 plying a voltage between the electrodes. When the molecular components are so 
modified, the net effect is that a barrier, e.g., a tunneling barrier, between the two 
wires is modified, and the rate of current flow is changed. This forms the basis of a 
swdtch that can, in turn, be used for memory, logic operations, and communication and 
signal routing networks. Molecular switches can include redox pairs of molecules, in 

3 0 which application of a voltage reduces one of the molecules and oxidizes the other. 
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[0049] In the foregoing embodiment, the connector species 16 may comprise a 

material that displays a significant, or measurable, hysteresis in its current-voltage curve, 
obtained from current-voltage characteristics in a solid-state junction. Examples of such 
species include metalocenes, rotaxanes, pseudo-rotaxanes, catenanes, and spiropyrans. 
5 [0050] In another, more preferred, embodiment, the cormector species may 

comprise a material that evidences switching based on electric (E) field induced band 
gap changes that have been discovered. These materials are the subject of a co- 
pending patent application. Serial No. 09/823,195, filed on March 29, 2001, entitled 
"Bistable Molecular Mechanical Devices with a Band Gap Change Activated by an 
10 Electric Field for Electronic Switching, Gating, and Memory Applications", by Xiao- 
An Zhang et al. and assigned to the same assignee as the present application. Three 
primary mechanisrns are disclosed and claimed; one of the mechanisms has two dif- 
ferent approaches. The mechanisms are: 

[0051] (1) Electric field ("E-field") induced rotation of at least one 

15 rotatable section (rotor) of a molecule to change the band gap of the molecule 
(rotor/stator configuration); 

[0052] (2) E-field induced charge separation or recombination of the molecule via 
chemical bonding change to change the band gap: 

[0053] (2a) E-field-induced band gap change caused by the 

20 change of extended conjugation via charge separation or recombination accompanied by 
increasing or decreasing n- and/or p-electron localization; 

[0054] (2b) E-field-induced band gap change caused by change 

of extended conjugation via charge separation or recombination and 7i-bond breaking or 
formation; and 

25 [0055] (3) E-field induced band gap change via molecular folding or 

stretching. 

[0056] The above-mentioned co-pending patent application Serial No. 

09/280,048 discloses, inter alia , the preparation of micrometer-scale wires by shadow 
masking. Devices made fi-om redox pairs could be prepared according to the method 
30 depicted in FIGS. 2a-2f An insulating substrate 24 (SiOa, for example) is coated with 
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a photosensitive resist 26 and then covered with a photomask 28 and exposed to light 
30, as illustrated in FIG, 2a. The exposed pattern is developed, a resist pattern is 
formed (FIG. 2b) and a metal layer 12 (Al, for example) is deposited onto the sub- 
strate 24 (FIG. 2c), A thin (1 to 2 nm) insulating layer 20 (AI2O3) is formed on the Ai 
5 surface - in this case by simple exposure of the patterned substrate to air, as shown in 
FIG. 2c. Lift-off is used to form the metallic wire structure shown in FIG. 2d. Next, a 
redox pair 16, labeled R in the Figure, is deposited either by chemically selective 
deposition onto the AI2O3, as a Langmuir film over the entire substrate, or by subli- 
mation of the molecules oiito the entire substrate. In the latter case, redox pairs exist 

10 both on 16a and off 16b the deposited wire 12 and its insulating layer 20, as shown in 
FIG. 2e. Next, a second wire 14 is deposited perpendicular to the first wire 12 through 
a shadow mask, as shown in FIG. 2f The second wire 14 may be comprised of one or 
more layers (the wire itself or a layer 32, Ti or Cr, for example) which will form an 
interface with the deposited molecules, followed by the thicker wire 14' deposited on 

1 5 top of the buffer layer, or it may just conisist of wire 1 4. Only where the two wires 1 2, 
14 cross (junction 18) is a device 10 defined, since an application of a voltage across 
the two wires is necessary to address the device. Thus, as long as the two wires 12, 14 
intersect, no further alignment of the two lithographic steps is necessary in order to 
make a single device 10. 

2 0 [0057] While the foregoing process is useful for large micrometer-scale devices. 

It would be difficult, if not impossible, to implement for small micrometer- and sub- 
micrometer-scale devices. In accordance with the present invention, a photoresistless 
process is provided, which simplifies the processing, eliminates the need for photoresist 
definition of the top electrode (which would allow reduced mask features over a shadow 

25 mask), and eliminates the need for a top electrode to define the junction. Further, the 
teachings of the present invention provide process alternatives without molecular degra- 
dation and make possible other configurations, including, but not limited to, (1) multiple 
films, each in a discrete area, and (2) switches that operate laterally, instead of vertically. 
That process is now described, with reference to FIGS. 3a-3d. 

30 
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Present Invention 

[0058] In addition to patterning the wires 12, 14, it is the connector species 16 

itself that is patterned. The junction 18 is no longer exclusively defined by patterning a 
top wire and allows multiple patterns, and possibly multiple molecules, each in its own 
area (or stack) before deposition of the top electrode 14, if any. The process of the pres- 
ent invention also reduces cross-talk and capacitance to substrate. 
[0059] FIG. 3a depicts the formation of fihn 12 on a substrate 24. Film 12 forms 

the bottom layer of wires. FIG. 3a also depicts the deposition of a layer of the connector 
species 16' over the entire surface of the wire film 12. In FIG. 3b, a patterned mask 28 is 
placed on top of the connector species, and portions of the connector species 16* are ex- 
posed by UV light 30a, which passes through transparent regions 28' in the mask 28 to 
form a predeteraiined pattem m the connector layer 16' (regions 16'a protected by por- 
tions of the mask 28, regions 16'b exposed to UV). Alternatively, electron beam direct 
write procedures may be employed, using electronic scanning of an e-beam to provide 
controlled exposure vidthout a mask. Prior to deposition, the connector species 16' is 
modified, as discussed below, to incorporate one or more photosensitive fimctional 
groups. FIG. 3c depicts the resultant patterned memory following development (pat- 
temed connector species 16'a), prior to deposition of the top layer of wires 14 thereon, if 
any. FIG. 3d depicts the" final product. It differs fi-om FIG. 2f in that the device 10 of 
FIG. 3d can be three orders of magnitude smaller than that of FIG. 2f and in that the 
connector species 16'a is independent of the intersection 18 between wires 12 and 14. 
[0060] The process depicted in FIGS. 3a-3d is similar to the conventional pho- 

toresist process, but provides a film that has a thickness measured in nanometers that is 
an active component in the circuit. 

[0061] The key to realizing the benefits of the present invention involves the 

modification of a connector species 16 by adding to the connector species a photosen- 
sitive chain, resulting in modified connector species 16*. The presence of the photo- 
sensitive chain renders the connector species sensitive to UV, electron beam, X-ray, 
etc. irradiation in the process depicted in FIGS. 3a-3d. 

[0062] FIG. 4 depicts one implementation of vertical switching, namely, a 

crossbar switch 40, comprising a two-dimensional array of sv/itches 1 0. FIG. 4 depicts 
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a 4x3 array 40, but the invention is not limited to the particular number of elements, or 
switches, 10, in the array. Access to a single point, e.g., 2b, is accomplished by ap- 
plying a voltage to wires 2 and b to cause a change in the state of the molecular spe- 
cies 16 at the junction 18 thereof, as described above. Details of the operation of the 
5 crossbar switch array 40 are further discussed in above-referenced U.S. Patent 
6,128,214. 

[0063] FIG. 5 depicts one implementation of horizontal switching, wherein the 

connector species 16'a is disposed laterally between two electrodes 12 and 14. 
[0064] Turning now to a discussion of the modification of the molecular spe- 

10 cies employed in the foregoing switches, the present invention provides micrometer- 
and nanometer-scale reversible optical and/or electronic switches that can be assem- 
bled easily to make crossbar and other circuits. The crossbar circuits have been de- 
scribed in the above-listed series of patent applications and issued patents. The cir- 
cuits provide memory, logic and conununications functions. One example of the elec- 

15 tronic switches is the so-called crossed- wire device, described above, wherein the 
connector species comprises the molecular system disclosed and claimed herein. 
[0065] The present invention relies on one significant property: that those 

photopattemable molecular switches are essentially very stable without exposiu-e to 
irradiation (UV, electron beam, or X-ray, etc.), wherein the molecular system imder- 

20 goes photodecomposition upon exposure to the radiation, generating decomposition 
products that are easily removed. Thus, one can deposit a film of such a molecular 
system onto a substrate of some type, such as by self-assenibly, chemical deposition, 
vapor deposition, or Langmuir-Blodgett deposition, etc. 

[0066] The key to realizing the benefits of the present invention involves the 

25 modification of a connector and/or spacer species of the molecular system by adding 
to the connector and /or spacer species of the molecule, a photosensitive group (PSG). 
This photosensitive group disrupts the molecular system upon irradiation, creating the 
decomposition products. The attachment of a photosensitive group is preferably at one 
or both end(s) of the molecular structure, near the point of the attachment to the sub- 
30 strate. In addition, more PSG groups can be introduced into one or more spacer spe- 
cies of the molecular system. The modified molecular system with at least one PSG 
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built-in is either chemically bonded to the substrate (e.g., electrode, another molecular 
system, etc.) or via van der Waals* epitaxy. It is physically and/or chemically stable to 
certain solvent(s) and cannot be simply removed by washing without being exposed to 
irradiation (UV, electron beam, or X-ray, etc.). But the PSG(s) of the molecular sys- 
tem undergo(es) a photochemical transformation or decomposition upon irradiation. 
The photo-chemically-transformed molecular system becomes very physically unsta- 
ble and/or very soluble to certain solvent(s) (e.g., aqueous acid, aqueous base, alco- 
holic solvent(s), etc.) and can be easily removed by simple washing or extraction, etc. 
(00671 The following requirements must be met in the modified molecular 

systems of the present invention: 

[0068] (a) The molecular system must be physically and/or chemically 

stable without being exposed to irradiation (UV, electron beam, or X-ray, etc.); 
[0069] (b) The molecular system must be physically and/or chemically 

unstable upon irradiation and can be easily removed by a simple one time (or more 
times) solvent(s) extraction or washing; 

10070J (c) The photosensitive group (PSG) can be introduced either on 

a side-arm (e.g., connecting and/or spacing unit(s), etc.) or on the main body as part of 
the molecular switching system (e.g., azo, etc.); 

10071] (d) The photosensitive group introduced into the side-arm (e.g.,, 

connecting and/or spacing units) should not interfere with or alter the electronic 
and/or optical properties of the molecular switching system; ideally, it (or they) should 
be at least one -CHa- unit away from the main switching body; 

[0072] (e) The photosensitive group can imdergo either photochemical 

decomposition or photochemical transformation, or a combination of both; 
(00731 (f) When the PSG is being introduced into a side-arm of the mo- 

lecular system, it must be a chemically-bonded connecting unit between the main 
switching body and the attaching unit; it severs the molecular main body (actual 
switching xrnit) from the attaching unit by photochemical decomposition; 
[0074] (g) When the PSG is being introduced into a side-arm of the 

molecular system, it can undergo photochemical transformation to change some physical 
and/or chemical properties of the molecules, and make the transformed molecule be- 
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come either acidic, or basic, or more soluble in certain solvent(s) systems (preferably, 
aqueous base, aqueous acid, alcohol or other common organic solvent(s) systems); 
10075] (h) When the PSG severs the molecular main body (actual 

switching imit) from the attaching unit by photochemical decomposition, the remaining 
part of the attaching unit on the substrate should not have any significant electrical 
and/or optical properties to interfere with the functioning of the molecular circuitry. The 
attaching unit can be, but is not limited to, any one of following: S, O, B, N, P, Se, hy- 
drocarbon, or substituted hydrocarbon; and 

[0076] (i) The PSG unit can be, but is not limited to, any one of follow- 

ing: photosensitive azo, photosensitive ester or ether, photosensitive amide or imide, 
photosensitive amine or imine, photosensitive carbonate or carbamate, photosensitive 
thio-ether or thio-ester, photosensitive isocyanides, photosensitive hetero-ring system 
with at least one of hetero-atom (e.g., N, O, S, B, P, etc.). 

[0077] Following are some examples of PSG-modified molecular switching 

systems. Examples 1, 2 and 3 below show three different ways of constructing PSGs 
into the molecular switching system and how the PSG works upon irradiation. This de- 
sign allows different type of molecular fibns and electrodes to be used, depending on the 
desired results. 

[0078] Turning first to Example la, shown in FIG, 6, a first generic molecular, 

example is depicted for the present invention. Example lb, which follows, depicts a 
specific molecular system. 

[0079] FIG. 6 is a schematic representation of one generic embodiment of the 

present invention, illustrating the breaking of a chemical bond 60 between a main mo- 
lecular switching unit 62 and an attaching group 64 due to photochemical decomposi- 
tion. A photosensitive group 66 is initially interposed between the main molecular 
switching unit 62 and the attaching group 64, which in turn is used to attach the main 
molecular snatching unit to an electrode, or other substrate, 68. With the presence of the 
photosensitive group, the main molecular switching unit 62 is fully bonded and cannot 
be physically removed via extraction or washing. However, exposure of the molecule 70 
to electromagnetic radiation hv is sufficient to cause photochemical decomposition, 
thereby breaking the bond 60 between the main molecular switching unit 62 and the at- 
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taching group 64. Consequently, the main molecular switching unit can now be easily 
removed via extraction or washing. The attaching group 64 does not interfere with the 
device. 

[0080] In Example la, the attaching group 64 may be one of the following: 

5 carboxylic acid or its derivatives, sulfuric acid or its derivatives, phosphoric acid or its 
derivatives, hetero atoms (e.g., N, O, S, B, Se, P), or functional groups with at least 
one of above-mentioned hetero atoms, hydrocarbons or substituted hydrocarbons. The 
photosensitive group (PSG) 66 can be, but not limited to, any one of following: photo- 
sensitive azo, photosensitive ester or ether, photosensitive amide or imide, photosensi- 
10 tive amine or imine, photosensitive carbonate or carbamate, photosensitive thio-ether or y 
thio-ester, photosensitive isocyanides, photosensitive hetero-ring system with at least 
one of hetero-atom (e.g., N, O, S, B, P, etc.). 

(0081] Without being exposed to irradiation, the molecular switching system 70 

is fully chemical bonded to the substrate (electrode, etc.) 68 through the PSG 66 and at- 

15 taching group 64. It is stable and cannot be physically removed by solvent extraction or 
washing. Once being exposed to irradiation (UV, electron beam. X-ray, etc.), the bond- 
ing between the substmte 68 and the main body of the system has been broken due to a 
photochemical decomposition. The main body of the switching system (molecular sys- 
tem) can be removed easily from the surface of the substrate 68 by solvent extraction or 

20 washing. 

[0082] Example lb below is a real molecular example of one embodiment of the 

present invention, which relies on a rotor portion combined with a stator portion. In Ex- 
ample lb, the rotation axis of the rotor is designed to be in a 30 to 70 degree angle to the 
net current-carrying axis of the molecules. 
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[0083] where: 

[0084] The symbol A" is an Acceptor group; it is an electron-withdrawing group. It 
5 may be one of following: carboxylic acid or its derivatives, sulfuric acid or its deriva- 
tives, phosphoric acid or its derivatives, nitro, nitrile, hetero atoms (e.g., N, O, S, P, F, 
CI, Br), functional group with at least one of above-mentioned hetero atoms (e.g., OH, 
SH, NH, etc.), hydrocarbons (either saturated or unsaturated), or substituted hydrocar- 
bons. 

10 [0085] Hie symbol represents a Donor group; it is an electron-donating group. It 
may be one of following: hydrogen, amine, OH, SH, ether, hydrocarbon (either satu- 
rated or unsaturated), substituted hydrocarbon, or a functional group with at least one 

of hetero atom (e.g., B, Si, I, N, O, S, P). Hie donor is differentiated from the acceptor 

* ■ 

by that fiact that it is less electronegative, or more electropositive, than the acceptor 
15 group on the molecule. 

[0086] The designations Coni and Con2 represent connecting units between one mole- 
cule and another molecule or between a molecule and the substrate. They contain both 
a PSG unit and an attaching'unit.v 

[0087] The PSG imit can be, but is not limited to, any one of following: photosensi- 
20 tive azo, photosensitive ester or ether, photosensitive amide or imide, photosensitive 
amine or imine, photosensitive carbonate or carbamate, photosensitive thio-ether or 
thio-ester, photosensitive isocyanides, photosensitive hetero-ring system with at least 
one of hetero-atom (e.g., N, O, S, B, P etc.). 

[0088] The attaching unit may be one of the following: carboxylic acid or its deriva- 
25 tiyes, sulfuric acid or its derivatives, phosphoric acid or its derivatives, hetero atoms 
' (e.g., N, O, S, B, Se, P), of functional groups with at least one of above-mentioned 
hetero atoms, hydrocarbons or substituted hydrocarbons/ 

[0089] The symbols X|, X2, and X3 represent tuning units buih into the ring system. 
The function of these imits is to tune the molecule's electronic and/or optical proper- 
30 ties as well as to ensure that the ring system undergoes a smooth and desired tau- 
tomerizatioii transition- under the influence of an applied extemal E-field. The tuning 
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units may be any one of the following: hetero atom (e.g., N, P, As, etc.), hydrocarbon, 
or substituted hydrocarbon. 

[0090] The symbols Gj and G2 are bridging groups. The function of these bridging 
groups is to connect the stator and rotor or to connect two or more fragments to 
achieve desired molecular properties. They may be any one of the following: hetero 
atoms (e.g., N, O, S, P, etc.) or functional groups with at least one of above-mentioned 
hetero atoms (e.g., NH or NHNH, etc.), hydrocarbons (either saturated or unsaturated) 
or substituted hydrocarbons. The bridging group may alternately comprise a single 
atom bridge such as an ether bridge with an oxygen atom, or a direct sigma bond be-^ 
tween the rotor and stator. 

[0091] The letter Q is used here to designate a connecting unit between two phenyl 
rings. It can be any one of following: S, O, NH, NR, hydrocarbon, or substituted hy- 
drocarbon. 

[0092] The letter H is used here to designate a hydrogen atom. 

[0093] In Example lb above, the horizontal dotted lineis represent other mole- 

cules or substrates (which can be eitiher an electrode or non-electrode, depending on the 
specific applicatioii) to which the molecule is optionally linked, or connected. The di- 
rection of the switching field is perpendicular to the horizontal dotted lines. Alterna- 
tively, the attaching unit) may be eliminated, and the molecule may be simply placed 
between the two electrodes. The molecule shown above (Example lb) has been de- 
signed with the intema^rotor in a 30 to 70 degree angle to the orientation axis of the 
entire molecule. In this case, the extemal field is applied along the orientation axis of 
the molecule as pictured - the electrodes (horizontal dotted lines) are oriented perpen- 
dicular to the plane of the paper and in a 30 to 70 degree angle to the orientation axis 
of the molecule. Application of an electric field oriented from top to bottom in the 
diagrams will cause the rotor as pictured in the upper diagram to rotate to the position 
shown on the lower diagram, and vice versa. In this case, the rotor as pictured in the 
lower diagram is not coplanar with the rest of the molecule, so this is the "OFF state" 
of the molecule, whereas the rotor is essentially coplanar with the rest of the molecule 
on the upper diagram, so this is the "ON state" of the molecule. 



Case 10003472 



20 

[0094] The molecule depicted in Example lb in its less conjugated state 

("OFF") is less conductive, and/or chromatically transparent (or blue-shifted in its ti- 
system "localized state"). In its more conjugated state ("ON"), the molecule evidences 
higher electrical conductivity, and/or color (or is red-shifted). 
5 [0095] For the molecules of Example lb, a single monolayer molecular film is 

formed, for example, using Langmuir-Blodgett techniques or self-assembled mono- 
layers, such that the orientation axis of the molecules is perpendicular to the plane of 
the electrodes used to switch the molecules. Electrodes may be deposited in the man- 
ner described by Collier et al, supra , or methods described in the above-referenced 
10 patent applications and patents. Alternate thicker film deposition techniques include 
vapor phase deposition, contact or ink-jet printing, spin coating, roll coating and silk 
screening. 

[0096] The following requirements must be met in this rotor/stator model: 

[0097] (a) The molecule must have at least one rotor and one stator 

15 segment; 

[0098] (b) In one state of the molecule, there should be a delocalized n- 

system and/or non-^bonding eIectron(s) that extend over the large portion of the molecule 
(rotor(s) and stator(s)), whereas in the other state, the p-system or and non-bonding 
electron(s) are localized on the rotor(s) and stator(s); 
20 [0099] (c) The connecting unit between rotor and stator can be a single 

a-bond or at least one atom with (1) non-bonding electrons (p or other electrons), or (2) 
7i-electrons, or (3) Ti-electrbns and non-bonding electron(s) to connect the rotor and sta- 
. tor with the a^bond; 

[01001 (d) The non^bonding electrons, or 7c-electrons, . or 7i-electrons 

2 5 and non-bonding electron(s) of the rotor(s) and stator(s) can be localized or de- 
localized depending on the conformation of the molecule while the rotor rotates when 
activated by ail E-field; 

[0101] (e) The conformation(s) of the molecule can be E-field depend- 

ent or bistable; 
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[0102] (f) The bistable state(s) can be achieved by intra- or inter- 

molecular forces such as hydrogen bonding, Coulomb force, van der Waals force, 
metal ion complex or dipole inter-stabilization; and 

[01031 (g) The band gap of tiie molecule will change depending on the 

degree of non-bonding electron, or n-electron, or n-electron and non-bonding electron 
de-localization of the molecule. This will change the conductivity of the molecule. 
[0104] Example Ic below shows a real molecular example of another embodi- 

ment of the present invention. In Example Ic, the device contains two photosensitive 
connecting groups. Upon irradiation, e.g., UV, the connecting groups decompose to 
form thiol and 2-nitrophenylacetic acid, which is removable by washing with a base. 
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Example 1c 



[0105] where: 

[0106] The symbol A" is an Acceptor group; it is an electron-withdrawing group. It may 
be one of following: carboxylic acid or its derivatives, sulfuric acid or its derivatives, 
phosphoric acid or its derivatives, nitro, nitrile, hetero atoms (e.g., N, O, S, P, F, CI, Br), 
functional group with at least one of above-mentioned hetero atoms (e.g., OH, SH, NH, 
etc.), hydrocarbons (either saturated or unsaturated), or substituted hydrocarbons. 
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[0107] The symbol D*^ represents a Donor group; it is an electron-donating group. It may . 
be one of following: hydrogen, amine, OH, SH, ether, hydrocarbon (either saturated or 
unsaturated), substituted hydrocarbon, or a functional group with at least one hetero 
atom (e.g., B, Si, I, N, O, S, P). The donor is differentiated from the acceptor by that fact 
5 that it is less electronegative, or more electropositive, than the acceptor group on the 
molecule. 

[0108] The designation Con2 represents optional connecting units between one molecule 
and another molecule or between a molecule and the substrate. They contain both a PSG 
unit and an attaching unit. Alternatively, the attaching unit may be eliminated, and the 

1 0 molecule may be simply placed between the two electrodes. 

[0109] Symlxjls Xj, X2, and X3 represent tuning units built into the ring system. The 
function of these units is to tune the molecule^s electronic and/or optical properties as 
well as to ensure that the ring system undergoes a smooth and desired tautomerization 
transition imder the influence of an applied external E-field. They niay be any one of the 

1 5 following: hetero atom (e.g., N, P, As, etc.), hydrocarbons, or substituted hydrocarbons. 
[0110] Symbols Gi and G2 are bridging groups! The function of these bridging groups is 
to connect the stator and rotor or to connect two or more fragments to achieve desired 
molecular properties. They may be any one of the following: hetero atoms (e.g., N, O, S, 
P, etc.) or functional groups with at least one of above-mentioned hetero atoms (e.g., NH 

20 or NHNH, etc), hydrocarbons (either saturated or unsaturated) or substituted hydrocar- 
bons. The bridging group may alternately comprise a single atom bridge such as an ether 
bridge with an oxygen atom, or a direct sigma bond between the rotor and stator. 
[0111] The letter Q is used here to designate a connecting unit between two phenyl 
rings. It can be any one of following: S, O, NH, NR, hydrocarbon, or substituted hydro- 

25 carbon. 

[0112] The letter H is used here to designate a hydrogen atom. 

[0113] Turning now to Example 2a, this depicts a second embodiment of the 

PSG-modified bistable molecular mechanical device of the present invention. 
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R2 




Off State (Less Conductive State) 
Example 2a 

[0114] where: 

[0115] The symbol A* is an Acceptor group; it is an electron-withdrawing group. It 
may be one of following: hydrogen, carboxylic acid or its derivatives, sulfuric acid or 
its derivatives, phosphoric acid and its derivatives, nitro, hitrile, heterb atoms (e.g., N, 
O, S, P, F, CI, Br), or a functional group v\dth at least one of above-mentioned hetero 
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atoms (e.g., OH, SH, NH, etc!), or hydrocarbon (either saturated or unsaturated) or 
substituted hydrocarbon. 

[0116] The symbol D*** represents a Donor group; it is an electron-donatmg group. It 
may be one of following: hydrogen, amine, OH, SH, ether, hydrocarbon (either satu- 
5 rated or unsaturated), substituted hydrocarbon, or a functional group with at least one 
hetero atom (e.g., B, Si, I, N, O, S, P). The donor is differentiated from the acceptor by 
that fact that it is less electronegative, or more electropositive, than the acceptor group 
on the molecule. 

[0117J The items; Gi=G2, 03=64, Gs^Ge, and G7=G8 are bridging groups. The fimc- 
10 tion of these bridging groups is to connect the stator and rotor or to connect two or 
more conjugated rings to achieve a desired electronic property. They may be a PSG 
unit or not. They may be double bonded groups with any one or a combination of the 
following: hetero atoms (e.g., C, N, O, S, P, etc.) or a functional group with at least 
one of the above-mentioned hetero atoms (e.g., NH or NHNH, etc.), hydrocarbons 
1 5 . (either saturated or unsaturated) or substituted hydrocarbons. The bridgihg group may 
alternately comprise a single atom bridge such as an ether bridge with an oxygen 
atom, or a direct sigma bond between the rotor and statdr. . 

[0118] The designations Coni and Cona represent optional connecting units between 
one molecule and another molecule or between . a molecule and the substrate. They 

2 0 contain both a PSG unit and an attaching unit. AltematiVely, the attaching unit may be 
eliminated, and the molecule may be simply placed between the two electrodes. The 
PSG unit can be, but is not limited to, any one of following: photosensitive azo, pho- 
tosensitive ester or ether, photosensitive amide or imide, photosensitive amine or 
imine, photosensitive carbonate or carbamate, photosensitive thio-ether or thio-ester, 

25 photosensitive isocyanides, or photosensitive hetero-ring system with at least one het- 
ero-atoin (e.g., N, O, S, B, P etc.). 

[0119] The attaching imit may be one of the following: carboxylic acid or its deriva- 
tives, sulfuric acid or its derivatives, phosphoric acid or its derivatives, hetero atoms 
(e.g., N, O, S, B, Se, P), or functional groups with at least one of above-mentioned 
30 hetero atoms, hydrocarbons, or substituted hydrocarbons 
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[0120] The symbols Ri, R2, and R3 represent spacing groups built into the molecule. 
The function of these spacer units is to provide an appropriate 3-dimensional scaf- 
folding to allow the molecules to pack together while providing rotational space for 
each rotor. They may be any one of the following: hydrogen, hydrocarbon (either satu- 
5 rated or unsaturated), or substituted hydrocarbon. 

[0121] The symbols Ji and J2 represent tuning groups built into the molecule. The func- 
tion of these tuning groups (e.g., OH, NHR, COOH, CN, nitro, etc.) is to provide an ap- 
propriate functional effect (e.g. both inductive effect and resonance effects) and/or steric 
effect(s). The functional effect is to tune the band gap (AEHOMoa-UMo) of the molecule to 

10 obtain the desired electronic properties of the molecule (AEhomo/lumo = 0.5 to 2.5 eV). 
The steric effect is to tune the molecular conformation through steric hindrance, inter- or 
intra-molecular interaction forces (e.g., hydrogen bonding. Coulomb interaction, van der 
Waals forces) or to provide bi- or multiple-stability of molecular orientations. They may 
be any one of the following: hydrogen, hetero atoms (e.g., N, O, S, P, B, F, CI, Br, and 

15 I), functional groups with at least one of above-mentioned hetero atoms, or hydrocar- 
bons (either saturated or unsaturated). 

[0122] When the double-bonded groups Gi=G2, G3KJ4, G5=G6, and G7=G8 are 

photosensitive bridging groups, they can undergo photochemical decomposition upon 
irradiation to break the main body of the molecular switching system into several small 
20 pieces, and consequently, the molecular system will be removed easily from the 
substrate by a simple solvent extraction or washing. 

[0123] Example 2b below shows a real example of a PSG-niodified switchable 

molecule, which contains PSGs on both the connecting units and the bridging groups 
Upon UV irradiation, both connecting groups and bridging groups decompose to form 
2 5 small molecules, which are removable by base and/or solvent washing. 
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Example 2b 



[0124] where: 

[0125] The symbol A" is an Acceptor group; it is an electron-withdrawing group. It may 
5 be one of following: hydrogen, carboxyiic acid or its derivatives, sulfuric acid or its de- 
rivatives, phosphoric acid and its derivatives^ nitro, nitrile, hetero atoms (e.g., N, O, S, P, 
F, CI, Br), or a functional group with at least one of above-mentioned hetero atoms (e.g., 
OH, SH, NH, etc.), hydrocarbon (either saturated or unsaturated), or substituted hydro- 
carbon. 

10 [0126] The symbol represents a Donor group; it is an electron-donating group. It 
may be one of following: hydrogen, amine, OH, SH, ether, hydrocarbon (either satu- 
rated or unsaturated), substituted hydrocarbon, or a functional group with at least one 
hetero atom (e.g., B, Si, I, N, O, S, P). The donor is differentiated from the acceptor by 
that fact that it is less electronegative, or more electropositive, than the acceptor group 

15 on the molecule. 

[0127] The symbols R|, R2, and R3 represent spacing groups built into the molecule. 
The function of these spacer units is to provide an appropriate 3^dimensional scaf- 
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folding to allow the molecules to pack together while providing rotational space for 
each rotor. They may be any one of the following: hydrogen, hydrocarbon (either satu- 
rated or unsaturated) or substituted hydrocarbon. 

[0128] The symbols Jt and J2 represent tuning groups built into the molecule. The fimc- 
5 tion of these tuning groups (e.g., OH, NHR, COOH, CN, nitro, etc.) is to provide an ap- 
propriate functional effect (e.g. both inductive effect and resonance effects) and/or steric 
effects. The functional effect is to tune the band gap (AEhomo/lumo) of the molecule to 
obtain the desired electronic properties of the molecule. The steric effect is to tune the 
molecular conformation through steric hindrance, inter- or intra-molecular interaction 
10 forces (e.g. hydrogen bonding. Coulomb interaction, van der Waals forces) or to provide 
bi- or multiple-stability of molecular orientations. They may be any one of the follow- 
ing: hydrogen, hetero atoms (e.g., N, O, S, P, B, F, CI, Br, and I), functional groi5>s with 
at least one of above-meiitioned hetero atoms, hydrocarbons (either saturated or unsatu- 
rated). 

15 [0129] Turning now to Example 3, this depicts a third embodiment of the PSG 

modified bistable molecular mechanical device of the present invention. Example 3a, 
shown in FIG. 7, depicts another generic niolecular example for the present invention. 
In this example, the main molecular switching unit 62', which is bonded to one or 
more solvent-insoluble PSGs 66' to form molecule 70*, cannot be physically removed' 

2 0 via extraction or washing. However, exposure to electromagnetic radiation hv causes . 
a photochemical transformation that converts the solvent-irisoluble PSGs 66' into sol- 
yent-soluble functional groups 72, and the main molecular switching unit 62' can now 
be easily removed via extraction or washing. 
[0130] Example 3b depicts a specific molecular system: 



Case 10003472 



29 




Example 3b 



[01311 where: 

[0132] The symbol A* is an Acceptor group; it is an electron-withdrawing group. It 
may be one of following: hydrogen, carboxylic acid or its derivatives, sulfuric acid or 
its derivatives, phosphoric acid and its derivatives, nitro, nitrile, hetero atoms (e.g., N, 
O, S, P, F, CI, Br), a functional group with at least one of above-mentioned hetero at- 
oms (e.g., OH, SH, NH, etc.), hydrocarbon (either saturated or imsaturated), or sub- 
stituted hydrocarbon. 

[0133] The symbol represents a Donor group; it is an electron-donating group. It 
may be one of following: hydrogen, amine, OH, SH, ether, hydrocarbon (either satu- 
rated or unsaturated), substituted hydrocarbon, or functional group with at least one 
hetero atom (e.g., B, Si, I, N, O, S, P). The donor is differentiated from the acceptor by 
that fact that it is less electronegative, or more electropositive, than the acceptor group 
on the molecule. 

[0134] The items labeled G|=G2, 63=64, G5=G6, and G7=G8 are bridging groups. The 
function of these bridging groups is to connect the stator and rotor or to connect two 
or more conjugated rings to achieve a desired electronic property. They may be PSG 
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units or not. They may be double-bonded groups with any one or a combination of the 
following: hetero atoms (e.g., C, N. O, S, P, etc.) or a functional group with at least 
one of the above-mentioned heteio atoms (e.g.. NH or NHNH. etc.), hydrocarbons 
(either saturated or unsaturated) or substituted hydrocarbons. The bridging group may 
5 alternately comprise a single atom bridge such as an ether bridge with an oxygen 
atom, or a direct sigma bond between the rotor and stator. 

[0135] The designations Coni and Con2 represent optional connecting units between 
one molecule and another molecule or between a molecule and the substrate. They 
contain both a PSG unit and an attaching xinit. Alternatively, the attaching unit may be 

1 0 eliminated, and the molecule may be simply placed between the two electrodes. 

[0136] The symbols Jj, J2. J3, and J4 represent tuning groups built into the molecule, 
which contains water-soluble and/or solvent-soluble ftinctional groups (e.g., OH, NHR, 
COOH, CN, etc.). The designations J|-PSG. J2-PSG. J3-PSG, and J4-PSG rq)resent the 
linkage of the tuning groups with PSGs, which could be ether, ester, carbonate, or car- 

1 5 bonate linkages. Upon irradiation, e.g., UV, these linkages decompose to Uberate water- 
soluble and/or solvent-soluble tuning groups, which are removable by water and/or sol- 
vent. 

[0137] The PSG unit can be, but is not limited to, aiiy one of following: pho- 

tosensitive azo, photosensitive ester or ether, photosensitive amide or imide, photo- 
2 0 sensitive amine or imine, photosensitive carbonate or carbamate, photosensitive thio- 
ether or thio-ester, photosensitive isocyanides, photosensitive hetero-ring system with 
at least one hetero-atom (e.g. N, O, S, B, P etc.). 

[0138] The attaching unit may be one of the following: carboxylic acid or its 

derivatives, sulfuric acid or its derivatives, phosphoric acid or its derivatives, hetero 
25 atoms (e.g., N, O, S, B. Se, P), or functional groups with at least one of above- 
mentioned heteio atoms, hydrocarbons or substituted hydrocarbons . 
[0139] The commonly-known PSGs are listed in Table I below: 
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Table I. Photosensitive Groups and UV Wavelength of Sensitivity. 



Photosensitive Group 


UV Wavelength 


cc-carboxy-2-nitrobenzyl (CNB) 


260 nm 


l-(2-nitrophenyl)ethyl (NPE) 


260 nm 


4,5-dimethoxy-2-nitrobenzyl (DMNB) 


355 nm 


l-(4,5-dimethoxy-2-nitrophenyl)ethyl (DMNPE) 


355 nm 


(4,5-dimethoxy-2-nitroben^loxy)carbonyl (NVOC) 


355 nm 


5-carboxyinethoxy-2-nitrobenzyl (CMNB) 


320 nm 


[(5-carboxymethoxy-2-nitrobenzyl)oxy]carbonyl 
(CMNCBZ) 


320 nm 


desoxybenzoinyl (desyl) 


360 nm 


anthraquinon-2-ylmethoxycarbonyI (AQMOC) 


350 nm 



/ 



[01401 Any of the preceding PSGs may be employed in any of the preceding 

examples. 

5 [0141] In the above examples, the method of patterning the film through pho- 

tonic molecular change is accomplished by a destructive effect, which is similar to the 
manner in which positive photoresist acts (i.e., irradiated photoresist undergoes a 
chemical change to break bonds and allow its removal in an appropriate solvent, 
whereas the unirradiated areas are substantially unaffected by that same solvent). 

10 [0142] Additionally, there is another manner by which molecular photopat- 

teming could occur through irradiation, namely, a constructive change (see Examples 
4a and 4b, below). In constructive change, a molecule with appropriate photosensitive 
links would be altered by irradiation so that molecules in the areas irradiated would 
not be removed from the substrate by the same solvent/base as the unexposed mo- 

15 lecular region. The change could be an alteration of structural molecular forai or the 
removal of specific sensitive groups after the breaking of a bond or bonds by irradia- 
tion. 

[0143] Turning now to Example 4, this example depicts a fourth embodiment of 

the PSG modified bistable molecular mechanical device of the present invention. Ex- 
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ample 4a depicts another generic moleciilar example for the present invention. This 
case is essentially the reverse of that depicted in FIG. 7, Here, the main molecular 
switching unit 62* has bonded thereto one or more solvent-soluble PSGs 66" to form 
molecule 70" which may be soluble in one or more solvents. In this case, the imtrans- 
5 formed molecule 70" is soluble in at least one solvent, and can be physically removed 
via extraction or washing. However, exposure to electromagnetic radiation hv causes 
a photochemical transformation that converts the solvent-soluble PSGs 66" into sol- 
vent-insoluble functional groups 74, and the main molecular switching unit 62' is no 
longer soluble in any of the previously-used solvents, and can no longer be easily re- 

1 0 moved via extraction or washing. 

[0144] Example 4b shows a real example of a PSG-modified switchable mole- 

cule, which contains PSGs on the side-arms of the molecular device. Due to the carbox- 
ylic acid groups of the PSGs on the molecule, the molecule is soluble in aqueous base(s) 
or solvent(s). Upon irradiation, e.g., UV, die acid groups have been transformed into 

15 -SH groups, which results in a change in the solubility of the molecule in certain sol- 
vent(s), The transformed molecule is no longer soluble in basic water or basic s61vent(s). 
One can use this type of molecxilejto directly pattern the device via the photo-patterning 
method of the present invention, and then wash or extract off those phdtochemically- 
untransformed molecules to obtain the desired molecular circuits. 
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Soluble molecule due to 

carboxytic 

add groups on the 

molecule. Can be 

washed or extracted off 

t)y basic aqueous or 

organic sotvent(s) 




Photochemical 
Transformation 



Insoluble molecule after 
those soluble cart)Oxylic 
add groups are removed 
from the molecule. Can 
not be washed or 
extracted off by basic 
aqueous or organic 
8otvent(s) 




CO2H 




Example 4b 
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INDUSTRIAL APPUCABIUTY 

|014S] The use of a molecular photoresist as described herein is expected to find 

use in the fabrication of miovmeter-scale and nanomet«:-scale devices. 

5 
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